Abstract-A valence force field for nitriles based on the force field obtained for hydrocarbons is found to give very good agreement with the observed bands for several mono-and di-nitrile molecules. The average deviation between observed and calculated frequencies for the 238 assigned frequencies is 0.98%. This is a significant improvement over the results obtained previously with a Urey-Bradley force field.
INTRODUCTION
A NUMBER of studies have been devoted to the analysis of the spectra of small molecules containing the C&N group. These have included experimental studies and band assignments on molecules with one C--hT group, such as acetonitriles [l-7] and propionitrile [8] , as well as on molecules with two C=N groups, such as malononitrile [9, lo], succinonitrile [ll-131, and glutaronitrile [14] . Some of these studies [5, 6, S-11, 131 have included, and others [15, 161 have been devoted to, normal coordinate calculations of the vibrational frequencies.
In the more recent work a Urey-Bradley force field was the basis for this analysis. Recent studies of hydrocarbons have led to the development of a, valence force field [17, 181 which appears to provide a more complete representation of the internal potential energy than does the Urey-Bradley force field. This valence force field has been transferred satisfactorily to other small molecules, such as those containing chlorine atoms [19] . We report here its extension to molecules with CSN groups, and compare the results with those obtained from the Urey-Bradley force field. Our force field has provided a useful basis for the analysis of the vibrational spectrum of polyacrylonitrile [20] .
CALCULATIONS AND RESULTS
Normal coordinate calculations were done on the 12 molecules listed in Table 1 .
The Wilson GF matrix method [21] was used, and the torsional coordinate for rotation about the C-C bond was included according to the method of MIYAZAWA and
The computations were performed on an IBM 7090 computer. The molecular constants used in the calculation were as follows: r(C-C) = 1.54 8, r(C-N) = 1.17 _&, r(C-CN) = 1.47 A, r(C-H) = 1.10 8, Q C-C-N = 180", all other angles tetrahedral (standard values of the masses were used).
The procedure which was used was to start with the valence force field constants which had been obtained for the hydrocarbons [17, 181. To these were added appropriate force constants associated with the C=N group(s). The values of the latter were determined by seeking a best fit to the observed frequencies, in one case (acetonitrile) by means of a least squares refinement procedure and in the other cases by means of adjustments based on examination of the Jacobian. constants for C-CN stretching, C=N stretching, C-C=N bending, and C-C-H bending in the -CH,-CN group, respectively. The calculated frequencies are compared with observed frequencies in Tables 3-8 . The potential energy distributions in the normal modes are also given, only contributions greater than 15% being listed.
DISCUSSION

Acetonitde
Normal coordinate calculations on acetonitrile have been made using a valence force field [S] , a Urey-Bradley force field [6] , and an orbital valency force field [16]. vs: very strong; s: strong; m: medium; w: weak; p: polarized; dp: depolarized. Symbols for internal coordinates ame as in Table 3 , plus: w: wagging; t: twisting; a,,,: (in-plane, out-of-plane) bending; 7: torsion. The results of these calculations are given in Table 3 , together with the frequencies calculated from our valence force field for acetonitrile and acetonitrile-d,.
The average deviation between observed and calculated frequencies, viz., 0.28%, (cf. Table l), compares favorably with that obtained from the orbital valency force field [lS] , viz., 0.22%, is better than that from the earlier valence force field [5] , which gives 0.38%, and is much better than what is obtained from the Urey-Bradley force field, viz., 0.98%. Using our force constants we have also computed Coriolis coupling constants for acetonitrile and acetonitrile-d,, using the C-matrix method of MEAL and POLO 1231. These are listed in Table 3 , and are in reasonable agreement with the observed values.
Propionitrile
The vibrational spectrum of propionitrile has been studied both in the infrared and Raman [S] . The observed frequencies, as well as the polarizations of the Raman bands are listed in Table 4 together with our calculated frequencies.
The assignments suggested in Table 4 are in good agreement with the symmetry species of the bands determined from the polarizations of the Raman lines. In those cases (2999 and 3001, 1461 and 1466) where assignments of apparently single bands are made to two predicted modes, such assignments are indicated by the contour of the vapor phase bands [8] . The band at 1090 is weakly indicated in the spectrum;
and the band at 236 cm-l is hypothesized from the presence in the infrared spectrum of a 
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It will be seen that our force field is in quite satisfactory agreement with the observed spectrum.
Isobutyronitrile
A further check of our valence force field for molecules with one C=N group is provided by a calculation of the frequencies of isobutyronitrile.
These are shown in Table 5 . The spectrum of this molecule has not been reported on, and in Fig. 1 we show an infrared spectrum of this material in the liquid state (obtained on a Beckmann 
EwP)
478 (4) 384 (4) 367 ( IR-12 spectrometer). The observed bands are listed in Table 5 , and an assignment based on frequency correlation is suggested. This of course is not decisive, and other evidence for band assignments is desirable (for example, polarization of Raman lines). It will be seen, however, that reasonable agreement is achieved between observed and calculated frequencies with force constants which are essentially transferred from the hydrocarbons and acetonitrile.
Mabnonitrile
Malononitrile is the simplest example of a nitrile with two C=_N groups. Because of the attachment of the two C-N groups to the same carbon atom, some of the force constants have had to be modified slightly as compared to their values in molecules with one C&N group (cf. [IO] . The observed and calculated frequencies are given in Table 6 , where they are compared with calculations based on a Urey-Bradley force field [IO] .
The latter calculations give average deviations between observed and calculated frequencies of 1.89%, l.Sl%, and 2.07% for the above three molecules respectively, compared to our values of 0.96'0/,, 1.25%, and 1.O9o/o. This again suggests that the valence force field may provide a better representation of the internal potential energy of a molecule than the Urey-Bradley force field.
Succinonitrile
The vibrational spectrum of succinontrile has been the subject of three recent papers [ll-131.
This molecule can exist in two rotationally isomeric forms, a tram and a gauche conformation.
Both are present at room temperature, but only the gauche form is stable below -50°C [ll] .
The latter form can also be stabilized in a copper nitrate coordination compound [12], and this as well as the temperature study have permitted an assignment of bands to be made to the tram and gauche structures. A recent calculation of the predicted spectrum has been made using a UreyBradley force field [13] . In Table 7 we compare the observed infrared and Raman bands with these calculations and with the results obtained using our valence force field. The results are substantially the same as obtained previously [13] , although our calculations suggest some modifications in assignments. The overall agreement using the valence force field is again somewhat better (giving average deviations of 1.30% and 1.08% for the tram and gauche structures respectively) than is obtained with the Urey-Bradley field (which gives average deviations of 2.41% and 2.22% for these two structures).
Glutaronitrile
Glutaronitrile can exist in three rotationally isomeric forms, trans-trans (TT), tram-gauche (TG), and gazcche-gauck (CC). (The fourth form, GG', is sterically and electrically unfavorable.)
Experimental studies of this molecule 1141 indicate that the GG form is the stable structure in the crystalline solid. A metastable crystalline form is obtained by rapid cooling to -6O"C, and it has been suggested that the molecule is in the TG conformation in this case [14] . The TT form is believed to exist in the liquid state together with the other two forms.
A normal coordinate analysis of each isomer has been done on the assumption that the CH, group is a point mass (141. We have computed the normal vibrations for the three isomers, with inclusion of all hydrogen atoms and with the valence force field which was used for the other nitriles. The calculated frequencies are compared with the observed bands in Table 8 . ( We have observed the infrared spectrum of the liquid down to 200 cm-l, and find the three new low-frequency bands listed in Table 8 .) It will be seen that the bands can be assigned quite well on the basis of the structural assignments to solid and liquid phases made by &lATsUBARb [14] . The average deviations in frequencies of 1.13%, 1.01% and 1.21% for the TT, TG, and GG isomers respectively are in the same range as those obtained for the other nitrile molecules, and suggest a satisfactory assignment.
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